By correlating all electrons and employing core-tuned correlation consistent basis sets of quintuple-quality, we applied multireference and coupled-cluster methods to study 32 electronic states of the diatomic BH molecule, two bound states of BH − , and three states of the linear HBBH molecule. We have constructed full potential energy curves and profiles, reporting binding energies, geometries, spectroscopic parameters, dipole moments, and energy separations, whereas our numerical results are in excellent agreement with available experimental numbers. We are trying as well to interpret the binding modes of a large number of the examined states. 
I. INTRODUCTION
We have studied the electronic structure of the diatomic BH, its anion BH − , and the dimmer B 2 H 2 by ab initio multireference and coupled-cluster methods. With no doubt boron is one of the most interesting elements of the Periodic Table; 1 the bewildering geometrical, electronic, and structural variety of boranes, compounds made of boron and hydrogen ͑B x H y ͒, is revealing of its complex, unique, and diverse chemistry. 2 The diatomic boron hydride ͑BH͒, the simplest of boranes and of all stable diatomic molecules but H 2 12 after analyzing the tunneling through the barrier of the A 1 ⌸ state, proposed that "D 0 and the predissociation limit differ by about 0.8-0.9 kcal/ mol," suggesting finally D 0 = 81.6Ϯ 0.6 kcal/ mol. It is also noteworthy that the a 3 ⌸-X 1 ⌺ + energy separation has not yet been experimentally determined.
The first ab initio study on BH was published in 1956 by Shani. 13 Since then a large number of theoretical studies have been reported mainly on the X-state of BH. Clearly, the small size of the BH molecule is very attractive as a testing ground for the development of new electronic structure ab initio methods. Curtiss and Pople 14 through QCISD͑T͒ calculations correlating all six electrons of BH obtained D 0 ͑X 1 ⌺ + ͒ = 81.5 kcal/ mol, whereas Bauschlicher et al. 12 confirmed this value at the MRCI level. The most accurate dissociation energy seems to be that of Feller et al. 15 who obtained D 0 = 81.5-81.7 kcal/ mol at the CCSD͑T͒-complete basis set ͑CBS͒ limit level. Radiative life times of the spinallowed A 1 ⌸-X 1 ⌺ + and b 3 ⌺ − -a 3 ⌸ transitions have also been studied, the most recent works being that of Luh and Stwalley 16 and Pederson et al. 17 A large number of theoretical works have been devoted on the spectroscopic parameters of the seven experimentally well-known ͑see Table I͒ states of the BH molecule. 18 The most recent theoretical work seems to be that of Gagliardi et al. , 19 who constructed complete potential energy curves ͑PECs͒ of 20 electronic states at the full ͑valence͒ configuration interaction level, combined with a ͓5s4p2d1f/ B 4s3p2d/ H ͔ basis set. Numerical results are reported, however, only for the first six states; as we will see our results deviate considerably from those of Ref. 19 . Finally, the static electric properties such as dipole moment ͑͒ and polarizability ͑␣͒ of the ground state have been calculated by Waltz et al., 20 Daborn and Handy, 21 and Halkier et al., 22 whereas Jaszuński et al. 18͑g͒ The anion BH − was observed for the first time by Reid through double-charge-transfer mass spectrometry. 23 Except for the conclusion that "the equilibrium bond length in BH − is not too different from that of the uncharged BH molecule," no numerical results were reported.
Theoretically, the ground state ͑X 2 ⌸͒ of the BH − species was studied for the first time by Griffing and Simons in 1975 . 24 With the purpose to obtain the ͑adiabatic͒ electron affinity ͑EA͒ of BH, the authors estimated finally EA = −0.22 eV at the SCF/ ͓6s3p/ B 3s/ H ͔ level. Three years later Rosmus and Meyer applied the coupled electron pair approximation ͑CEPA͒ method combined with a ͓4s4p2d1f/ B 4s2p1d/ H ͔ basis to the first and second row diatomic hydrides and their anions. 25 For the ground states they reported spectroscopic constants ͑r e , e , e x e , a e ͒ and EAs, the EA of BH being slightly positive, EA͑X 2 ⌸͒ = + 0.03 eV. This result was more or less confirmed eight years later via MP4 / 6-311+ + G͑3df ,3pd͒ calculations, EA = 0.07 eV, 26 33 The definitive experimental observation on HBBH, however, was ap- 
The present work is structured as follows. In Sec. II we discuss the methods and computational details, in Sec. III we give results on the electronic structure of the B and B − species, and in Sec. IV we discuss our findings on BH, BH − , and HBBH in the Secs. IV A-IV C, respectively. Section V epitomizes our work and highlights the central conclusions of this study.
II. METHODS
For the B atom the correlation consistent basis set with core functions of quintuple-quality, cc-pCV5Z ͑=C5Z͒ was used through all our calculations. 40, 41 Depending on the species studied, the C5Z basis was augmented by a double set of diffuse Gaussians ͑cc-pCV5Z + d-aug= dAC5Z͒ for the B, B − , and BH, by a single set of diffuse functions ͑AC5Z͒ for the BH − , whereas no augmentation was used for the HBBH molecule. 42 For the H atom the aug-cc-pV5Z ͑=A5Z͒ basis set was employed for BH and BH − but the plain 5Z set for the HBBH system. 40 The doubly augmented basis set on B was deemed as necessary to describe the Rydberg molecular states of BH. These bases were generally contracted to ͓9s8p7d6f5g3h/ B 6s5p4d3f2g/ H ͔ = dAC5Z / A5Z for BH; ͓8s7p6d5f4g2h/ B 6s5p4d3f2g/ H ͔ = AC5Z / A5Z for BH − ; ͓7s6p5d4f3g1h/ B 5s4p3d2f1g/ H ͔ =C5Z/ 5Z for HBBH. The number of contracted spherical Gaussians are 268 ͑BH͒, 232 ͑BH − ͒, and 342 ͑HBBH͒. The internally contracted MRCI ͑=CASSCF+1+2͒ approach was applied as implemented in the MOLPRO2006.1 suite of codes. 43 The reference spaces ͑CASSCF͒ of BH were constructed by alloting the four active ͑valence͒ electrons to 18 orbitals: one 2s, three 2p, one 3s, three 3p, five 3d, one 4s, and three 4p on B, plus one 1s on H. Notice that the 3s, 3p, 3d, 4s, and 4p are Rydberg orbitals. The number of configuration functions ͑CFs͒ of the zeroth order space under C 2v symmetry constraints range from 2000 to 2400 ͑singlets͒, 2600 to 3000 ͑triplets͒, and about 800 ͑quintets͒. The CASSCF wave functions for the BH − and HBBH systems were created by distributing five and eight valence electrons to five and ten molecular orbitals, respectively. These spaces range from about 20 ͑BH − ͒ to 1600-2500 ͑HBBH͒ depending on the symmetry constraints. Dynamic ͑"hard"͒ correlation was obtained by single and double excitations out of the reference spaces, always including the core electrons ͑ϳ1s 2 ͒ of the B atom. Internally contracted CI spaces range from 9 ϫ 10 6 ͑singlets͒ to 14ϫ 10 6 ͑triplets͒ CFs in BH, about 3 ϫ 10 5 for BH − , and around 17ϫ 10 6 CFs for HBBH. To cope with the large number of states ͑32͒ investigated in the BH system, we were forced to use the state averaged technique with the exception of the first three states, namely, 37 were also performed whenever possible and around equilibrium; in particular, for the BH molecule the states X 1 ⌺ + , a 3 ⌸, b 3 ⌺ − , and 5 ⌺ − were examined at the RCCSD͑T͒ level. In addition, for certain properties of BH and BH − , the RCCSDT method as implemented in the MRCC code was applied as well. 44 Spectroscopic parameters ͑ e , e x e , a e , and D e ͒ for almost all states of BH examined and the two states of BH − were obtained by solving the one dimensional rovibrational Schrödinger equation through a Numerov analysis. The basis set superposition error ͑BSSE͒ for BH in both the MRCI and RCCSD͑T͒ methods at the dAC5Z/A5Z basis set level is negligible, i.e., 0.03 kcal/ mol. The size nonextensivity error is small for the BH͑X 1 ⌺ + ͒ and BH − ͑X 2 ⌸͒ and is getting significant, however, as we move to HBBH, 5͑1͒ mE h at the MRCI͑+Q͒ level, where +Q refers to the Davidson correction.
III. THE B, B − , AND H − SPECIES
Table II lists the energy separations ⌬E 0j between the ground state and the first seven excited states ͑j =1-7͒ of the B atom, five of which are of Rydberg character, at the MRCI and CC level. The agreement between experiment and theory is very good at the MRCI+ Q / dAC5Z level of theory, the largest discrepancy being 1247 cm −1 ͑2.3%͒ in the ⌬E 06 energy difference. It should be stressed at this point that single augmentation of the B basis set fails completely in predicting energy differences of Rydberg states, therefore double augmentation is mandatory. The picture above is strongly supported by the atomic Mulliken populations ͑Table IV͒. Because of the "opening" of the 2s 2 distribution of B, one expects a shorter bond length, a larger e , and a higher ͑diabatic͒ dissociation energy as compared to the X 1 ⌺ + state. This is exactly what is happening: The r e is shorter by 0.04 Å, the e larger by 250 cm −1 , and the internal bond strength higher by 52.3 kcal/ mol. As a matter of fact, the a 3 ⌸ state has the shorter bond length and the highest diabatic D e of all states studied. From Table III we can see that all our calculated values are in excellent agreement with the experimental results. The experimental bond distance, r 0 = 1.2006 Å, 9 should be compared to our r 0 = 1.2021 ͑1.2013͒ Å at the MRCI ͓RCCSD͑T͔͒ level. Finally, note that the X 1 ⌺ + -a 3 ⌸ splitting is experimentally unknown, but our MRCI ͓RCCSD͑T͔͒ value of 10 588 ͑10 581͒ cm −1 should be very reliable. A comment for the dipole moment is necessary: Experimentally the dipole moment of the a 3 ⌸ state has not been determined, and as far as we know this is the first time that it has been calculated, = 0.22 D. It is more than six times smaller than that of X 3 ⌸ is a state of multireference character interacting strongly ͑vide supra͒ with the a 3 ⌸, thus with a complicated bonding ͑see Table IV͒ . It has the longest bond length of all states studied ͑r e = 1.93-1.94 Å͒ with a dipole moment close to zero, and a T e ͑X 1 ⌺ + -2 3 ⌸͒Ϸ50 500 cm −1 . No experimental data exist and although it can be considered as well bound ͑D e = 23-24 kcal/ mol͒, the prospects of being observed experimentally are dim due to spin and FranckCondon factors ͑Fig. 1͒. The 5 ⌺ − state is obtained from b 3 ⌺ − but with the four electrons coupled into a quintet ͑see previous vbL diagram͒. At short internuclear distance the Pauli forces polarize the 2p z B electron to the back, resulting to a very weak bond of 2.5 kcal/ mol at r e Ϸ 1.70 Å, with a concomitant electron transfer from H to the 2p z orbital of B of about 0.25e − ; see Fig. 1 and Tables III and IV From Table III it can be seen that the equilibrium bond lengths of all the 18 Rydberg states, singlets or triplets, are practically symmetry independent and very close to 1.20 Å due to the fact that all these states have the same type of bonding character as in the B 1 ⌺ + ͑3s͒ previously described, with a Rydberg spectator electron whose angular momentum defines the symmetry of the state; see Table IV 
